We report the fabrication of three dimensional (3D) macroporous scaffolds made from poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) via an ice-templating method. The scaffolds offer tunable pore size and morphology, and are electrochemically active. When a potential is applied to the scaffolds, reversible changes take place in their electrical doping state, which in turn enables precise control over the conformation of adsorbed proteins (e.g., fibronectin).
Introduction
Ever since the first demonstration that cells could be grown on petri dishes and other planar substrates in the laboratory, the quest to better mimic the complexity of living systems with in vitro platforms has remained a long-standing challenge. This has been motivated by many reports that have shown radical differences between the cellular activities observed in two dimensional (2D) and three dimensional (3D) systems, due to the more complex microenvironmental conditions inherent in three dimensions. 1 Considering the oftentimes limited physiological relevance of 2D cell culture experiments, significant effort was subsequently devoted to the development of materials and platforms that could more accurately recreate the in vivo cellular microenvironment, and support 3D cell cultures in vitro. 2 One such class of materials is conducting polymers, which appear promising due to their compliant mechanical properties, excellent compatibility with biological systems, mixed electrical and ionic conductivity, 3 and their ability to form 3D porous structures. 4 Such 3D porous scaffolds, thus, combine large solid-state surface areas with electrophysical properties that are relevant to both organic electronics and biology. In addition to the 3D structural support that such a scaffold provides, its electrical conductivity is a key property for the local delivery of applied electrical stimuli, and for the subsequent regulation of cell behavior, including adhesion, migration, and secretion. Therefore, conducting polymers have broad potential in many biological applications, including tissue engineering, diagnostics, actuation, and drug delivery systems. 5 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a water soluble conjugated polymer that is easily processed, and possesses metal-like conductivity, high transparency in the visible spectrum, mechanical flexibility, and good long-term stability. 6 Moreover, the cyto-compatibility of PEDOT:PSS has enabled its use in various in vivo and in vitro platforms. 7, 8 In particular, previous reports showed that 2D thin films of PEDOT:tosylate, a similar conducting polymer, could electrochemically control protein conformation, 9 and cell secretions. 10 In recent years, several different strategies have been employed to develop porous PEDOT-based materials for applications in sensing, power supply, capacitance, and electrical storage. 11 These strategies include physical crosslinking of PEDOT:PSS particles with multivalent cations, 12 and oxidative chemical polymerization of the EDOT monomer with non-covalent, 13 or ionic crosslinkers, 14 which can be performed within polymeric bicontinuous microemulsion-derived templates. 11 Additionally, Zhang and coworkers utilized post-processing techniques to prepare porous PEDOT:PSS cryogels. 15 Through ice-templating, the authors reported the preparation of various macroporous architectures. The technique involved crystallization of water followed by controlled sublimation of the ice by freeze drying. Following this work, Shahini and coworkers reported porous composites based on PEDOT:PSS, gelatin, and glass nanoparticles that were used to host adult human mesenchymal stem cells. 16 In fact, by creating porosity in the PEDOT:PSS structure, an electrically active network can be constructed, serving as a 3D template for protein adsorption, and hence as an extracellular matrix-mimicking platform to host a variety of cells. Such platforms would provide a unique tool to control and understand 3D cell-matrix interactions by varying the properties of the polymeric scaffold (e.g., conductivity, surface energy, charge, local pH) via electrochemical stimulation. 17 In this work, we report macroporous conducting PEDOT:PSS scaffolds prepared via an icetemplating method, that are capable of supporting 3D cell cultures. Oxidation/reduction of the electrochemically-active PEDOT:PSS scaffolds prior to cell-seeding allowed control over the adhesion and pro-angiogenic secretions of mouse fibroblasts (3T3-L1) cultured therein. Cells in oxidized scaffolds (compared to those in reduced scaffolds) adhered in greater numbers (by 1.5 fold), while secreting significantly lower amounts of pro-angiogenic factors. Furthermore, the 3D porous PEDOT:PSS scaffolds exhibited both excellent electrochemical switching behavior, which enabled their use as the active channel of an organic electrochemical transistor (OECT), and significantly lower impedance compared to non-porous films with equal volume. Hence, macroporous PEDOT:PSS scaffolds hold promise both as extracellular matrix-mimicking structures for cell culture, as well as high-performance electrochemical devices for diagnostic and signaling applications. Combined, these capabilities represent a versatile and powerful new platform that may pave the way toward the development of many useful tools for biomedical research.
Results and Discussion

Fabrication of 3D PEDOT:PSS Platforms
Ice-templating exploits freezing of a solution with subsequent confinement of solute particles in the regions between dendrites of solvent crystals ( Figure 1a ). As the ice is removed through sublimation, a 3D network of macropores is formed in the spaces that were once occupied by the solvent crystals. 18, 19 The simplicity of ice-templating has allowed it to be employed for the preparation of a wide range of porous materials based on ceramics, 20 clays, 21 and polymers such as poly(vinyl alcohol), chitosan, gelatin, collagen, PEDOT:PSS, and Nafion®. 15, 16, 19, 22, 23, 24 The technique, when combined with other removable templates can generate porosity at multiple length scales in a single processing step. 25 A number of parameters (e.g., composition of the solution, freezing rate, material and shape of the mold) influence the final architecture and stability of such ice-templated (or freeze-casted) materials. 23, 26 Indeed, the process is highly versatile as evidenced by the multiple structures and morphologies reported by various researchers, which include lamellar microstructures, "fish-bone" morphologies, partially-oriented microwires, aligned tubular structures, and cellular materials with faceted pores. This process yielded highly porous macroscopic PEDOT:PSS scaffolds with controlled morphology that were suitable for use in cell-based experiments. We found that pore size could be tuned from 30 to 100 µm by varying the freezing rate, the amount of crosslinker, and the concentration (wt%) of PEDOT:PSS. Overall, increasing any of these quantities (in isolation, or in combination) led to smaller pore sizes in the resulting scaffolds.
Morphological and Mechanical Characterization
The PEDOT:PSS scaffolds that were prepared in this work via ice-templating exhibit a typical total pore area of 2.2 ± 0.1 m , and a median pore diameter of 39.1 ± 2.7 μm, as measured by mercury porosimetry ( Figure S1 ). The elastic modulus measured in an aqueous environment is 4.5 ± 0.6 kPa, indicating a good stiffness match with a variety of tissues in vivo ( Figure S2 ). The detailed morphology and macroporous structure of the scaffolds can be seen by SEM (Figure 1c-d) , which clearly reveals an interconnected network of open macropores that should enable efficient cell invasion and mass transport. While immersing the scaffolds in an aqueous environment certainly causes some swelling of the polymer, the presence of the crosslinker aids substantially in preserving the structure of the scaffolds. Indeed, SEM images of scaffolds that were soaked in cell culture media for several days showed that their microstructure remained unchanged from asfabricated scaffolds.
Electrical Characterization
In order to characterize the electrical activity of our porous scaffolds, we fabricated organic electrochemical transistors (OECTs) wherein a PEDOT:PSS scaffold comprised the active channel of the transistor. OECTs based on thin PEDOT:PSS films have recently been used as drug screening platforms, 28 for monitoring cell attachment and coverage, 29 for electrophysiological recordings of in vivo brain activity or electrocardiograms, 7, 30 and for assessing tissue dysfunction upon exposure to toxins, 31 or pathogens. 32 A schematic demonstrating the layout of these OECTs and a photograph of typical devices are given in Figure 2a . The scaffold is patterned between two Au contacts that act as the source and the drain electrodes, while a second scaffold is used as the gate electrode. In this configuration, where the entire scaffold is submerged in an electrolyte, its conductivity decreases by the injection of cations, triggered by a positive bias (VG) applied through the other scaffold, which acts as the gate electrode. The change in the drain current (ID) upon application of a gate pulse of 0.6 V is shown in Figure 2b . Due to the large size of the channel, the switching speed of the OECT exceeds 1 s; however, the current-time profile shows that the current recovers to its initial value upon removal of the voltage pulse at the gate. The transfer characteristics of these porous transistors were evaluated from a series of VG steps while monitoring the drain current at constant drain voltage (VD = 0.6 V). Figure 2c shows that maximum transconductance reaches 0.72 ± 0.05 mS at a gate bias of 0 V and a drain voltage of 0.6 V. This performance is comparable to OECTs comprised of a spin-cast thin film of PEDOT:PSS. Due to the structural inhomogeneity within the scaffolds, the performance of the transistors differs; nevertheless, modulation of the current in the channel is always observed when a gate bias is applied.
Electrical impedance is a key property that affects the quality of recording devices, and conducting polymers have been shown to reduce the impedance of classical electrodes, enabling recordings with higher signal-to-noise ratio. 33 The porous morphology of the scaffolds allows for a significantly higher surface-to-volume ratio, resulting in low impedance that is promising for neural probe applications ( Figure S3 ). The lower impedance of the 3D architecture can be attributed to an increased ability of ions to penetrate into the conducting polymer network. We note that electrochemical switching is not expected to significantly affect the microstructure of the PEDOT:PSS scaffolds. In fact, Aasmundtveit and coworkers showed with in situ grazing incidence diffraction techniques that oxidation of PEDOT doped with p-toluenesulfonate had no effect on the arrangement of the polymer chains, and only slightly (and reversibly) increased the structural order. 34 Overall, these results demonstrate the feasibility of employing porous PEDOT:PSS scaffolds in bioelectronics devices, paving the way toward in vitro tissue models based on conducting scaffolds that possess dynamic monitoring and control capabilities.
Cell Invasion and Matrix Deposition
To evaluate the use of PEDOT:PSS scaffolds for cell culture experiments, we seeded them with 3T3-L1 mouse preadipocyte cells (representative of stromal cells). Briefly, the scaffolds were individually placed into the wells of a 12-well plate, and cells were pipetted onto the top of the scaffolds in αMEM media containing 33 vol% matrigel to promote adhesion. The scaffolds were incubated for 30 minutes to allow the cells to adhere, after which fresh media was added to the wells. The scaffolds were then cultured dynamically on an orbital shaker to promote cell survival and growth via convective mass transfer.
The scaffold-bound cell populations were typically characterized after 24 hours of culture (with the exception of long-term viability studies). The interior of chemically-fixed (crosslinked) scaffolds were revealed by cryo-ultramicrotome sectioning, and subsequent SEM images indicated that 3T3-L1s successfully invaded the scaffold and adhered to the 3D PEDOT:PSS architectures (Figure 3a) . Further, a fluorescent viability assay of unfixed scaffolds showed that the majority of the cells were viable after both short-term (24 hours) and long-term (7 days) culture (Figure 3b ).
To assess whether the 3T3-L1s were performing regular cell functions, such as the assembly of an extracellular matrix (ECM), we utilized fluorescent immunostaining to visualize cell-deposited fibronectin (Fn) fibers. Indeed, Fn not only decorated the surfaces of the scaffold, but was also assembled into thin fibers around the periphery of cells (Figure 3c ), indicating the ability of the cells to polymerize soluble Fn into fibers. Further SEM imaging after scaffold decellularization showed clearly visible protein fibers across the porous structure (Figure 3d ). Interestingly, SEMdetectable fibers had larger diameters than fibers detected by immunofluorescence, suggesting that they may be composed of collagen (another major ECM protein), rather than Fn. Collectively, these results indicate that the 3T3-L1 cells not only adhered to the scaffolds, but also performed regular cell functions, such as ECM deposition and remodeling. These findings suggest that PEDOT:PSS scaffolds provide a suitable 3D environment for fibroblasts to attach, grow, and function normally, which represent essential criteria for the development of a physiologically relevant 3D cell-culture platform based on PEDOT:PSS. Indeed, Shahini and coworkers recently showed that increasing the concentration of PEDOT:PSS in a porous composite scaffold used to culture mesenchymal stem cells enhanced the viability of the stem cells, which the authors attributed to the improved microstructure of the scaffold, or enhanced electrical signaling between cells. 16 Similarly, the high level of activity exhibited by the 3T3-L1 cells in our PEDOT:PSS scaffolds might stem from improved intracellular electrical signaling, due to the high conductivity of the polymer.
Control of Fibronectin Conformation
While the porous 3D form of PEDOT:PSS represents an excellent scaffold material to support cell culture, the scaffolds also exhibit electrical properties comparable to their 2D thin-film analogs ( Figure S3 ). The electrochemical properties of PEDOT:PSS can be reversibly manipulated by changing its redox state, and conducting polymers (including PEDOT:PSS) have previously been used to alter the behavior of adhered cells, 17, 35, 36 and of adsorbed proteins. 9 Thus, we examined whether the redox state of the 3D scaffold could be used to control the conformation of adsorbed imaging, using trace amounts of Fn molecules that were dual-labeled for FRET, as previously described. 9, 37 A bipolar power supply sourced an oxidizing potential of +1 V to one scaffold, and a reducing potential of 1 V to another, while the scaffolds were both submerged in electricallygrounded cell culture media, containing 100 µg·mL -1 of added fibronectin (of which only 10% was labeled for FRET, to avoid spurious intermolecular FRET). The bias was maintained for 1 hour at 37 °C, after which the scaffolds were rinsed thoroughly in PBS, and imaged on a confocal microscope. Our FRET data (combined with the FRET intensity ratio calibration shown in Figure   S4 ) indicate that the conformation of scaffold-adsorbed Fn varies as a function of redox potential, with Fn molecules assuming more compact conformations (high FRET ratios) in the oxidized scaffolds, and more extended conformations (low FRET ratios) in the reduced scaffolds (Figure 4 ).
These findings are in agreement with previous results on 2D thin films of PEDOT:tosylate, a similar conducting polymer, where Fn conformation followed the same trend. 9 potentials (+1 V and -1 V) to be small enough to avoid hydrolysis of water above 1.23 V and overoxidation of the polymer, but also large enough to achieve complete electrochemical switching of PEDOT:PSS, 38 and enable presentation of the full range of available Fn molecular conformations. 9 Control of Cell Adhesion and Pro-Angiogenic Capability Given the importance of Fn conformation in guiding numerous cell functions, as well as previous reports that the redox state of polymer surfaces affects cell adhesion, 35, 36 we investigated whether altering the redox state of PEDOT:PSS scaffolds would affect the adhesion and the pro-angiogenic secretion of cells seeded therein. Pairs of scaffolds were biased at oxidizing and reducing potentials of +1V and 1V (as described above for the FRET experiment), and subsequently, 3T3-L1 cells were seeded into the scaffolds (as described above for the cell culture experiments in unbiased scaffolds). Cell culture took place in the absence of applied bias, and after 24 hours, the total number of cells present in the scaffolds was quantified with a fluorometric DNA assay. The results show that 50% more cells adhered to the oxidized scaffolds as compared to the reduced scaffolds ( Figure 5a ) indicating a redox-dependent modulation of cell adhesion that is in agreement with previous findings. 36 Importantly, cell proliferation did not differ significantly in the first 24 hours, implying that the observed difference in cell number is indeed due to adhesion.
Altered Fn conformation occurs in vivo, and in particular, in the context of cancer. Chandler and coworkers recently showed that the in vivo tumor microenvironment is characterized by more extended/unfolded Fn fibers than are found in healthy tissue. 39 Moreover, this tumor-associated partial unfolding of Fn has been implicated in the enhanced secretion of pro-angiogenic factors by adipogenic precursor cells, suggesting a link to tumor angiogenesis. 10 Since our experiments showed that we could alter Fn conformation by manipulating the redox state of the PEDOT:PSS scaffolds, we sought to assess whether this could affect the pro-angiogenic capability of 3T3-L1 cells cultured in oxidized and reduced scaffolds. We cultured 3T3-L1s in oxidized and reduced scaffolds, as described above, and after 24 hours, we collected the media from the wells in which the scaffolds were cultured. To quantify pro-angiogenic potential, we measured the concentration of vascular endothelial growth factor (VEGF) present in the media using ELISA (normalized to the number of cells, as measured by DNA assay), and found that the cells cultured in reduced scaffolds secreted 4 times more VEGF than those cultured in oxidized scaffolds (Figure 5b ).
Previous studies using both Fn molecular films 10 and thin Fn fibrillar networks 40 have shown that altered Fn conformation controls adhesion and pro-angiogenic behaviors via an integrin-switching mechanism (in particular, the preferential engagement of αvβ3 rather than α5β1 integrins in the presence of unfolded Fn); however, further studies are required to determine if the voltage-induced alterations of Fn conformation are similarly responsible for the observed cell behavior in our PEDOT:PSS scaffolds. Nonetheless, these results suggest that the reduced Fn-coated scaffolds mimic to some degree the conformation of tumor-associated Fn fibers (as measured by FRET), which enhance the pro-angiogenic capability of adipogenic precursors. Interestingly, we note that the difference in VEGF secretion we observed between the two redox states in the 3D PEDOT:PSS scaffolds is significantly enhanced when compared to previous results obtained with a 2D thin film system. 10 This difference points toward the importance of physiologically-relevant 3D cell culture systems, which can perhaps more fully capture the in vivo magnitude of cell responses that might otherwise be muted in 2D cell culture systems.
Conclusions
In this work we demonstrated that PEDOT:PSS can be templated into 3D macroporous architectures that provide an electrically conductive, low-impedance, and biocompatible scaffold that supports fibroblast culture. 3T3-L1s were successfully seeded into the scaffolds and remained viable for 7 days, while performing regular cell functions such as adhesion and deposition of ECM , at which point the ice phase was sublimed from the scaffolds. Following sublimation, the scaffolds were baked at 140 °C for one hour.
Scaffold Characterization: Scaffold microstructure was characterized using scanning electron microscopy (SEM), mercury intrusion porosimetry, and polarized optical microscopy. In addition, SEM (Leica 440; Leica Microsystems; Wetzlar, Germany) was used to assess and visualize the infiltration of cells into the scaffolds. Cell seeded-scaffolds were rinsed in PBS to remove excess formaldehyde used for chemical fixation of cells. The scaffolds were then placed in a freeze-dryer to remove the water. The scaffolds then underwent cryo-ultramicrotomy (Leica EM FC7; Leica Microsystems; Wetzlar, Germany) at a shallow angle relative to the top face in order to expose a range of depths for SEM imaging. Prior to imaging, the samples were sputtered with a thin layer of Au/Pd to improve micrograph quality. All micrographs were obtained at 10 keV. Mercury intrusion porosimetry (Autopore IV 9500; Micromeritics; Atlanta, USA) was performed on dry monoliths to probe the size of pores produced using ice templating. Samples were placed in glass penetrometers of known volume and weight. Analyses were performed using an automated procedure where the penetrometers were first evacuated to 50 µm Hg and then filled with mercury at 0.2 psi. The pressure applied to the sample inside the penetrometer was then ramped stepwise to 44 psi to probe pores larger than approximately 4 µm in diameter.
Mechanical testing of scaffolds was performed using a dynamic mechanical analyzer (DMA; DMA Q800; TA Instruments; DE, USA) in which samples were placed under compressive loads.
Stability tests were performed by placing samples at room-temperature in cell culture medium (αMEM) overnight. Measurements were performed at a single loading cycle, with an initial contact force of 0.05 N and loaded at a fixed force-rate of 0.005 N·min -1 to 0.075N. Elastic modulus was calculated as the slope of the linear part of the stress-strain curve near zero strain.
Cell Culture Experiments: 2-mm thick scaffolds were prepared for cell culture experiments by being soaked for 20 minutes in 70% ethanol for disinfection, and then rinsed 5 times with sterile PBS (Life Technologies). If electrochemical switching was required, a bipolar power supply sourced an oxidizing potential of +1 V to one scaffold, and a reducing potential of -1 V to another, while the scaffolds were both submerged in electrically-grounded cell culture media. The bias was maintained for 1 hour at 37 °C, after which the scaffolds were rinsed thoroughly in sterile PBS.
Cell adhesion was assessed with 3T3-L1 cells (ATCC #CL-173), an adipogenic subtype of mouse fibroblasts. These cells were incubated in αMEM (Sigma-Aldrich) containing 10 vol% fetal bovine serum (FBS, Tissue Culture Biologicals) and 1 vol% penicillin/streptomycin (pen/strep) (Life Technologies) prior to seeding. The cells were seeded in 30 µL suspensions (containing 1.5 million cells) into scaffolds and were allowed to adhere for 30 minutes. Then, fresh media was added to the wells containing the scaffolds, and they were cultured dynamically on an orbital shaker for the duration of the experiment (i.e., 24 hours or 7 days), at 37 °C (5% CO2). Afterward, cell-seeded scaffolds were soaked in 4% ice-cold paraformaldehyde for chemical fixation and stained with 4′,6-diamidino-2-phenylindole (DAPI), calcein AM, and propidium iodide (PI) (all from Life 
